A common cellular defense mechanism against viral invasion is the elimination of infected cells through apoptotic cell death (reviewed in reference 33). Accordingly, a wide array of virus families share the ability to modulate cellular apoptotic pathways (for examples, see references 38, 66, and 69). Members of each branch of the Herpesviridae family have been shown to possess apoptotic evasion strategies (reviewed in references 1, 12, and 45). One such herpesvirus, herpes simplex virus (HSV), sets up an intricate balance between pro-and antiapoptotic processes during virus propagation. When antiapoptotic pathways are suppressed, this balance is upset, and the cells die by apoptosis, which we refer to here as HSVdependent apoptosis (HDAP). Maintenance of the apoptotic balance requires the viral ICP27 regulatory protein. ICP27 is expressed early in infection (reviewed in reference 51) and stimulates expression of the later sets of viral genes (53) . Recombinant viruses lacking ICP27 fail to block proapoptotic signals (2) and do not produce progeny virions (53) . We have used an apoptotic ICP27-null virus, vBS⌬27, to investigate the determinants of sensitivity to HDAP.
HSV infections can lead to disease as minor as a cold sore or as devastating as fatal encephalitis (reviewed in reference 51). Recently, the severity of certain herpetic diseases has been associated with apoptosis. For example, human corneal epithelial cells from patients with ocular HSV infections displayed more apoptosis than corneal cells from uninfected individuals (40) . HSV-infected mice lacking the RNase L gene exhibited more severe HSV keratitis (HSK) than their wild-type littermates did, and this correlated with a decrease in apoptosis (73) . Miles et al. reported a similar reverse correlation between apoptosis and HSK severity in human corneas (41) . These findings suggest that apoptosis reduces the severity of HSK during HSV infection. HDAP is not solely restricted to ocular HSV disease, as others have reported that apoptosis plays a role in herpetic brain disease (49, 52) . However, in this case apoptosis seems to be acting to facilitate brain disease progression. Therefore, it seems that differences in host response to HDAP may alter the outcome of herpesvirus infections. Previous studies have indicated that cancer cells exhibit an exquisite sensitivity to HDAP. For instance, almost all HeLa cells are apoptotic at 24 h following infection with vBS⌬27 (46) . Similar apoptotic phenotypes were observed in cells derived from human colon, brain, and breast tumors (3, 47) . In contrast, cells derived from nontumor tissue were quite resistant to this process (3, 46, 47) . Together, these data implied that genes commonly altered during tumor formation play a role in the regulation of HDAP and may, in turn, contribute to HSV disease severity.
There could be many reasons why tumor cells are particularly sensitive to HDAP. We are able to directly test one of these possibilities, namely, that targets of human papillomavirus oncogenes contribute to this process. Our model system exploits the fact that continuous oncogene expression is essential for HeLa cells to maintain their tumorigenic properties (21, 35, 67) . HeLa cells harbor integrated human papillomavirus type 18 (HPV18) genomes (59, 71) and express two viral oncogenes, E6 and E7. E6 and E7 of high-risk papillomaviruses like HPV18 and HPV16 are known to inactivate the p53 and p105
Rb tumor suppressor proteins, respectively (16, 43, 57, 68) . Additionally, E6 directly activates the catalytic component of telomerase, hTERT (32) . These activities are essential for HPV to cause the postmitotic keratinocytes, which it infects, to enter the S phase of the cell cycle and replicate viral genomes. In a typical nontumor HPV infection, E6 and E7 expression is limited by the HPV E2 transcriptional repressor (Fig. 1A) (7, 15) . However, in HeLa cells, the viral genome is integrated into the host genome such that the E2 open reading frame is disrupted (Fig. 1B) (59) . The consequence of this is unrestrained oncogene expression and rampant proliferation of these tumor cells. Reconstituting HeLa cells with E2 using a simian virus 40 (SV40)-based recombinant virus (SV40/BPV-1) that expresses bovine papillomavirus type 1 (BPV-1) E2 inhibits E6 and E7 expression, reactivates p53 and p105
Rb , inhibits hTERT activity, and represses cell growth (Fig. 1C) (21, 22, 27) . In effect, the expression of E2 "untransforms" the HeLa cells. We used this system to investigate the importance of HPV18 oncogene expression in the HDAP of HeLa cells. Subsequently, we used HeLa-derived cell lines that were engineered either to express the HPV oncogenes or to alter their cellular targets in the presence of E2 to identify cellular determinants of HDAP ( Fig.  1C and D) .
MATERIALS AND METHODS
Cells and viruses. Sen2 cells are a clonally derived strain of HeLa cells previously described (22) . 16E6E7, 16E6, 16E7, p53CTF, and hTERT cells are derivatives of Sen2 cells generated as previously reported (13, 20-22, 25, 27, 50) . All other cells were obtained from the American Type Culture Collection (Rockville, MD). Sen2 cells and derivatives were propagated in Dulbecco's modified Eagle's medium supplemented with 10% fetal bovine serum and 0.1 mg/ml hygromycin (16E7), 0.5 mg/ml G418 (16E6, p53DN, and hTERT), or both (16E6E7). Vero 2.2 (gift of Saul Silverstein) cells are derivatives of Vero cells expressing ICP27 from its viral promoter (60) . Vero 2.2 cells were maintained in Dulbecco's modified Eagle's medium supplemented with 5% fetal bovine serum. HSV-1(KOS1.1) was the strain of wild-type HSV type 1 (HSV-1) used in this FIG. 1. Description of model systems used in this study. (A and B) Schematic representations of the HPV genome as found in productively infected, normal cells (A) and tumor cells (HeLa) (B). During a productive infection in nontumor tissue, the HPV genome is found as an episome and expression of E6 and E7 is repressed by the viral E2 gene product. However, in cervical cancer cell lines, like the HeLa cells, the HPV genome is integrated into the host genome such that the E2 open reading frame is disrupted, allowing for overexpression (ϩϩϩ) of E6 and E7. (C) Experimental design. The Sen2/HeLa cells and derivatives were transduced with SV40/BPV-1, a recombinant virus based on SV40 that expresses BPV-1 E2. The E2 protein binds to the integrated HPV1 promoter sequences and represses expression of E6 and E7. Expression of genes from the LXSN transgene construct is unaffected by E2. "X" represents transgenes shown in panel D. (D) Properties of cell lines utilized in this study. A description of the transgene expressed by each cell line as well as the cellular pathways that are affected by E2 transduction are provided. The telomerase activities were measured previously (13, 25) . study. HSV-1(vBS⌬27) is an ICP27-null virus derived from HSV-1(KOS1.1) containing a replacement of the ␣27 gene with the Escherichia coli lacZ gene (61) . This virus was propagated on Vero 2.2 cells, the titers of the virus were determined, and the virus was used to infect cells at a multiplicity of infection (MOI) of 10 as reported earlier (46) . The SV40/BPV-1 recombinant virus expressing BPV-1 E2 was isolated, the titers of the virus were determined, and the recombinant virus was used to infect cells at an MOI of 20 as previously described (44) . Unless noted otherwise, all cell culture reagents were obtained from Life Technologies and all biochemicals were from Sigma.
Microscopic analysis and monitoring of chromatin condensation. The morphologies of infected cells were documented by phase-contrast and fluorescence microscopy using an Olympus IX70/IX-FLA inverted fluorescence microscope. Images were acquired with a Sony DKC-5000 digital photo camera linked to a PowerMac or Dell workstation and processed through Adobe Photoshop. For visualization of chromatin condensation in live cells, 5 g/ml Hoechst 33258 (Sigma) was added to the medium and allowed to incubate at 37°C for 30 to 60 min. The percentage of nuclei containing condensed chromatin was determined by dividing the number of brightly stained, small nuclei by the total number of nuclei (uncondensed plus condensed) in a particular (ϫ40) microscopic field. At least 100 nuclei were counted for each data point.
Immunoblotting. Whole-cell protein extract was prepared using lysis buffer (50 mM Tris-HCl, pH 7.5, 150 mM NaCl, 1% Triton X-100, 1% deoxycholate, 0.1% sodium dodecyl sulfate) supplemented with 2 mM phenylmethylsulfonyl fluoride (freshly prepared stock), 1% Translysol, 0.1 mM L-1-chloro-3-(4-tosylamido)-4-phenyl-2-butanone (TPCK), 0.01 mM L-1-chlor-3-(4-tosylamido)-7-amino-2-heptanon-hydrochloride (TLCK), as previously reported (46) . Protein concentrations were determined using a modified Bradford protein assay (Bio-Rad Laboratories). Samples (20 g) of total protein were separated on 12 or 15% N,NЈ-diallyltartardiamide-acrylamide gels and electrically transferred to nitrocellulose. Membranes were incubated for 1 h at room temperature in blocking buffer (phosphate-buffered saline containing 5% nonfat dry milk) and incubated overnight at 4°C with primary antibody.
Monoclonal antibodies specific for ICP4 (Goodwin Institute for Cancer Research), ICP27 (Goodwin), gC (Goodwin) , poly(ADP-ribose) polymerase (PARP) (PharMingin), procaspase 3 (BD Transduction), and p53 (PharMingin) and polyclonal antibodies specific for thymidine kinase (TK) and 45-kDa DNA fragmentation factor (DFF-45; Santa Cruz) were diluted at a concentration of 1:1,000 in Tris-buffered saline containing 0.1% Tween 20 (TBST) and 0.1% bovine serum albumin. After the membranes were washed in TBST, they were incubated with either anti-mouse or anti-rabbit antibodies conjugated to alkaline phosphatase (Southern Biotech) that was diluted in blocking buffer (1:1,000) for 1 h at room temperature. After the membranes were washed in TBST, immunoblots were developed in buffer containing 5-bromo-4-chloro-3-indolyl phosphate and 4-nitroblue tetrazolium chloride. Quantification of PARP cleavage was done using NIH Image as previously described (46) .
RESULTS
The papillomavirus E2 protein represses HDAP in HeLa cells. Since previous studies determined that HeLa cells are susceptible to HDAP (3, 46) , we asked whether inhibition of HPV oncogenes through E2 expression would desensitize these cells. A clonally derived strain of HeLa cells, Sen2, was transduced with a BPV-1 E2-expressing recombinant virus (SV40/BPV-1) to repress the endogenous HPV18 oncogenes (as illustrated in Fig. 1C ). At a time point (48 hours postinfection [hpi]) previously shown to be sufficient for HPV gene repression (27) , the cells were analyzed for HDAP by infection with wild-type HSV strain KOS and the ICP27-null recombinant virus, vBS⌬27. Sen2 cells that were not transduced with SV40/BPV-1 recombinant virus were similarly infected with wild-type HSV strain KOS and vBS⌬27 viruses as controls. Twenty-four hours following HSV infection, assessment of apoptotic morphology and harvesting for death factor immunoblot analyses were performed.
Initially, we monitored the ability of E2 to inhibit HPV oncogenes during HSV infection. Because HPV18 E6 degrades p53 (57), we used p53 levels as a marker for E6 function during infection. Similarly, HPV18 E7's ability to destabilize hypophosphorylated p105
Rb (10) was measured. In the absence of E2 expression, p53 accumulated to low levels ( Fig. 2A , lanes 1, 3, and 5). The p53 levels were dramatically increased in cells transduced with SV40/BPV-1, confirming that E2 was inhibiting HPV E6 function in these cells ( Fig. 2A , lanes 2, 4, and 6). While p105
Rb was observed as a mixture of slowermigrating hyperphosphorylated and faster-migrating hypophosphorylated species in the absence of E2, the majority of p105
Rb was hypophosphorylated with E2 expression ( Fig. 2A , lanes 2, 4, and 6). This result confirmed that HPV E7 was being suppressed by E2. Importantly, HSV infection did not impair E2's ability to suppress either of the HPV oncogenes ( Fig. 2A , compare lane 2 with lanes 4 and 6.)
We next assessed the effect of E2 on HSV replication and apoptosis. HSV strain KOS infection led to altered Sen2 cell morphology, such as cell rounding and loss of attachment to the substratum (Fig. 2B) . Additionally, KOS-infected cells exhibited intense fluorescence around the periphery of the nuclei when stained with the fluorescent DNA dye, Hoechst, which is indicative of chromatin marginalization (data not shown). These morphological changes are characteristic of cytopathic effect (CPE) that typically accompanies productive HSV replication (46) . CPE and the abundant accumulation of representative immediate-early (ICP4 and ICP27), early (TK), and late (gC) viral proteins occurred in Sen2 cells regardless of E2 expression status (Fig. 2C, lanes 3 and 4) . Therefore, E2 does not influence HSV's ability to replicate.
The vBS⌬27-infected Sen2 cells without E2 were smaller than KOS-infected Sen2 cells and displayed numerous membrane protrusions typical of cells undergoing membrane blebbing (Fig. 2B ). In addition, the nuclei of these cells were smaller and exhibited more intense Hoechst staining than mock-infected cells (Fig. 2D ). Such membrane blebbing and chromatin condensation are classic features of apoptotic cells (31) . Next, we monitored the cleavage of PARP as an independent marker for apoptosis. PARP is cleaved from its 116,000-molecular-weight form into an 85,000-molecularweight product by caspases activated during apoptosis. Without E2, vBS⌬27 infection induced 72% PARP cleavage (Fig.  2C , lane 5). Thus, the results from both the morphological and biochemical apoptotic assays indicated that Sen2 cells are susceptible to HDAP when E2 is absent.
However, E2-expressing Sen2 cells were more resistant to HDAP. First, E2 expression lowered the vBS⌬27-induced PARP cleavage from 72 to 26% (Fig. 2C , compare lane 6 with lane 5). Second, the number of vBS⌬27-infected Sen2 cells displaying membrane blebbing was reduced with E2 expression (Fig. 2B) . Finally, E2 decreased the levels of chromatin condensation in vBS⌬27-infected cells from 36 to 7% and 51 to 19% in duplicate experiments (Fig. 2D) . Since all three apoptotic markers were reduced by E2 expression, we conclude that E2 inhibits HDAP in Sen2 cells. It is of interest to note that even after suppression of endogenous E6 and E7, vBS⌬27 induced apoptosis in approximately 11% of the cells. This observation might suggest that in the absence of ICP27, HSVinfected cells are still susceptible to apoptosis by mechanisms which are presumably independent of papillomavirus oncogenes. Other HSV proteins besides ICP27, such as ICP4, have been implicated in suppressing apoptosis. Based on a detailed (14, 19, 54) , the next experiment was designed to determine whether E2's effects on HDAP were due to suppression of HPV E6 and E7 gene expression. To do this, we used a Sen2-derived cell line which expresses HPV oncogenes in the presence of E2, 16E6E7 (Fig. 1D) . Specifically, the 16E6E7 cells were generated by transducing Sen2 cells with a LXSN retrovirus expressing HPV16 E6 and E7 (13) . Importantly, in the 16E6E7 cells, oncogene expression is driven from the Moloney murine leukemia virus (MMLV) promoter-enhancer sequences which are not inhibited by E2. This allows for coexpression of E2, E6, and E7 in the Sen2 cells. We transduced the 16E6E7 and parental Sen2 cells with SV40/BPV-1. Forty-eight hours later, the E2-transduced and nontransduced controls were infected with vBS⌬27, and apoptosis was measured via morphological ( Fig.  3A and B) and biochemical (Fig. 3C ) assays.
The 16E6E7 and Sen2 cells infected with vBS⌬27 accumulated similar levels of the viral ICP4 protein in the absence of E2 (Fig. 3C, lanes 2 and 6) , demonstrating their similar susceptibility to infection. Both cell lines displayed detectable ICP4 protein levels following infection with vBS⌬27 in the presence of E2 (Fig. 3C, lanes 4 and 8) . The level of ICP4 was somewhat lower in the E2-expressing 16E6E7 cells than in the other cells. The reason for this is unknown at this time; however, it could be a result of the high level of cell death observed under these conditions (see below). In all, these results demonstrate that vBS⌬27 is capable of infecting the 16E6E7 cells regardless of E2 status.
The levels of p53 were increased in the Sen2 cells following E2 transduction (Fig. 3C, lanes 3 and 4) , consistent with previous experiments (Fig. 2) . However, no p53 was detected in the 16E6E7 cells regardless of E2 status, demonstrating that the HPV16 E6 expressed from the MMLV promoter was effectively degrading cellular p53 in the 16E6E7 cells (Fig. 3C,  lanes 5 to 8) .
In the absence of E2 (Fig. 3A) , vBS⌬27-infected Sen2 and 16E6E7 cells displayed similar levels of chromatin condensation (53% and 57%, respectively) and PARP cleavage (60% and 79%, respectively). E2 expression (Fig. 3B ) reduced membrane blebbing and decreased chromatin condensation in the vBS⌬27-infected Sen2 cells from 53% to 28%. However, no such reductions were evident in vBS⌬27-infected 16E6E7 cells (compare 57% with 62%). Similarly, E2 failed to reduce the percentage of PARP cleavage (compare 84% with 79%) in the vBS⌬27-infected 16E6E7 cells (Fig. 3C, lanes 6 and 8) . Consistent with the results in Fig. 2C , E2 suppressed cleavage of PARP in vBS⌬27-infected Sen2 cells (compare lane 2 and 4). These results indicate that the expression of E6 and E7 can reverse the antiapoptotic activities of E2 in the Sen2 cells. Therefore, E2 inhibits HDAP in Sen2 cells by reducing the expression of the HPV oncogenes. We conclude from these studies that HPV E6 and E7 sensitize cells to HDAP.
HPV E6 expression is sufficient to sensitize HeLa cells to HSV-dependent apoptosis. Both E6 and E7 have been implicated in apoptosis sensitization in other systems (reviewed in reference 18). For example, E6 sensitized human foreskin keratinocytes to apoptosis induced by several chemotherapeutic agents (36) . Similarly, E7 has been shown to enhance apoptosis induced by tumor necrosis factor plus cycloheximide in immortalized keratinocytes (6, 64). Therefore, it was possible that either E6 or E7 or both could be responsible for conferring susceptibility to HDAP. To distinguish between these possibilities, we used cell systems that allowed us to selectively express either E6 or E7 alone in Sen2 cells. It was not feasible to singly inhibit E6 and E7 transcription from the integrated HPV genome because they are generated by differential splicing of a common pre-mRNA molecule (58) . Instead, we used Sen2-derived cells that stably express either HPV16 E6 (16E6 cells) or E7 (16E7 cells) from the MMLV promoter. Similar to the 16E6E7 cells (Fig. 3) , the 16E6 and 16E7 cell lines were generated through transduction with a LXSN retrovirus expressing HPV16 E6 or E7, respectively (Fig. 1D) (13) . Because expression from the MMLV promoter is not affected by E2, this allowed us to concurrently (i) use E2 to repress expression of the HPV18 oncogenes from the integrated genome and (ii) exogenously express single HPV16 oncogenes from the integrated LXSN transgene. 16E6 and 16E7 cells were transduced with SV40/BPV-1 prior to infection with KOS or vBS⌬27. The cells were monitored for chromatin condensation and viral protein accumulation and p53 levels at 24 h after HSV infection (Fig. 4) .
As expected, E2 expression increased the p53 levels in 16E7 cells (Fig. 4D, compare lanes 1 to 3 with lanes 4 to 6) . However, p53 levels were undetectable in the 16E6 cells even in the presence of E2. This was not surprising due to E6's ability to destabilize p53. The vBS⌬27-infected 16E6 and 16E7 cells displayed similar levels of chromatin condensation (68% and 79%, respectively) and PARP cleavage (41% and 68%, respectively) in the absence of E2 (Fig. 4A) . However, 16E6 and 16E7 cells displayed a dramatically different response to vBS⌬27 infection in the presence of E2 (Fig. 4B) . The vBS⌬27-infected 16E7 cells that expressed E2 exhibited almost 10-foldlower levels of chromatin condensation than 16E7 cells that did not express E2 (compare 8% with 79%). Additionally, E2 expression reduced vBS⌬27-induced PARP cleavage from 68% to undetectable levels in the 16E7 cells (Fig. 4D, lane 6) . In contrast, vBS⌬27-infected 16E6 cells exhibited a similar level of chromatin condensation ( Fig. 4A and B) regardless of E2 expression status (68% and 61%). Substantial PARP cleavage was evident in the vBS⌬27-infected 16E6 cells transduced with the E2-expressing virus (Fig. 4D, lane 3) . On this basis, we conclude that E6 alone is sufficient for HDAP susceptibility in Sen2 cells. It is important to note that since both Sen2 and 16E6 cells are induced to senesce by E2 (13), resistance to HDAP is not merely a measure of cell proliferation. The next step was to investigate the mechanism whereby E6 sensitized these cells.
HPV E6 sensitizes HeLa cells to HSV-dependent apoptosis through p53 inactivation and hTERT induction. E6 is a multifunctional protein known to affect the activity of over a dozen . The ability to destabilize the tumor suppressor protein p53 was the first function attributed to E6 (57) . E6 binds in a tertiary complex with p53 and the cellular ubiquitin ligase E6-associated protein (26) . This leads to polyubiquination of p53 and its eventual degradation through a proteosome-mediated pathway (56) . In this way, E6 inactivates p53. In unstressed cells, p53 is maintained at very low levels due to its short half-life (reviewed in reference 23). However, upon stress induction, p53 is stabilized and accumulates inside the nuclei of cells where it transcriptionally activates numerous p53-responsive genes including those involved in apoptosis (reviewed in reference 72). An earlier study from our laboratory showed the presence of a slower-migrating form of p53 in cells which were susceptible to HDAP, but not in those that were resistant (3) . Although the identity of the altered form of p53 has not yet been established, it is possible that differences in p53 function could explain the variations in response to HDAP in those cell lines. This result along with p53's known roles in apoptosis regulation led us to examine the importance of p53 function during HDAP. E6 also possesses a number of p53-independent activities, including the ability to activate telomerase by inducing expression of the catalytic component of the enzyme, hTERT (32) . Telomerase is the enzyme that replicates chromosome telomeres. Telomerase is found at high levels during embryogenesis and in tumors, but it is maintained at relatively low levels in the majority of somatic tissues. Telomerase activation has been shown to repress apoptosis induced by a variety of agents (reviewed in reference 65). Therefore, we also investigated whether HPV E6's effects on hTERT contributed to HDAP sensitization.
Sen2 cells that stably express either a dominant-negative mutant of p53 (p53CTF) or hTERT under the control of the MMLV promoter were utilized (Fig. 1D) (20, 25) to determine the roles of these genes in HDAP. The hTERT-expressing cells display elevated telomerase activity and greatly extended telomeres (25) . Sen2 and 16E6 cells were similarly treated as controls for these experiments. At 48 h prior to infection with KOS or vBS⌬27, all cell lines were transduced with SV40/ BPV-1. Non-E2-expressing cells were also infected with HSV as controls. Staurosporine (STS) was used as an additional apoptotic stimulus. Cells were visualized by phase-contrast microscopy (Fig. 5 ) and fluorescence microscopy (Fig. 6) , and whole-cell extracts were immunoblotted for PARP, p53, and ICP4 (Fig. 7) .
To determine the role of p53 inactivation in HDAP sensitization, we compared the sensitivities of the p53CTF and 16E6 cells to HDAP. Initially, we used CPE and viral protein accumulation as markers of viral replication efficiency. Cellular ( Fig. 5) and nuclear (Fig. 6 ) morphologies indicative of CPE were evident in p53CTF cells infected with KOS. Additionally, KOS-infected p53CTF cells expressed ICP4 at a level equivalent to that of similarly treated Sen2 and 16E6 cells, which confirmed their ability to support viral replication (Fig. 7 , compare lanes 2 and 6 in panels C, A, and B).
The p53 levels were also analyzed as a marker of E2 function during infection. As expected, p53 accumulated in the E2-expressing Sen2 and hTERT cells, but not in the 16E6 cells (Fig. 7) . Consistent with previous studies, E2 caused an accumulation of wild-type p53 in the p53CTF cells (Fig. 7C , lanes 5 to 8) due to loss of p53-mediated transactivation of the mdm2 gene, which encodes a protein that destabilizes p53 (25) . It is important to note, however, that this accumulation is not accompanied by an increase in p53 activity in the p53CTF cells (25) . The vBS⌬27-infected p53CTF cells displayed abundant membrane blebbing (Fig. 5A ), 66% condensed chromatin (Fig.  6) , and 37% PARP cleavage (Fig. 7C, lane 3) in the absence of E2. Comparing these data with the apoptosis observed in controls led us to conclude that the p53CTF, 16E6, and Sen2 cells display similar levels of sensitivity to HDAP without E2 expression. E2 suppressed vBS⌬27-induced apoptosis in Sen2, but not in the 16E6 cells, consistent with previous experiments (Fig. 1 and 3) . As in the 16E6 cells, E2 expression failed to reduce the levels of membrane blebbing (Fig. 5B) , chromatin condensation (59% [Fig. 6]) , or PARP cleavage (30% [Fig. 7C,  lane 7] ) in the vBS⌬27-infected p53CTF cells. From these results, we conclude that p53 inactivation sensitizes HeLa cells to HDAP.
The hTERT cells were also susceptible to HSV infection as evidenced by CPE (Fig. 5 and 6 ) and ICP4 production (Fig.  7D, lane 3) . Interestingly, KOS-infected hTERT cells displayed higher levels of chromatin condensation (33%) and PARP cleavage (21%) than other similarly treated Sen2 derivatives. The significance of this finding is unclear at this time. Nevertheless, vBS⌬27 infection led to more chromatin condensation (54%) and PARP cleavage (43%) than KOS infection in these cells, demonstrating that the hTERT cells are highly sensitive to HDAP. This high level of apoptosis induction by vBS⌬27 was still evident in the presence of E2 (59% chromatin condensation and 47% PARP cleavage [ Fig. 6 and 7] ). Therefore, hTERT overexpression also contributes to the sensitivity of HeLa cells to HDAP. Taken together, these results indicate that E6 can sensitize HeLa cells to HDAP both through p53 inactivation and hTERT stimulation. Our previous findings that E2-expressing 16E7 cells were highly resistant to HDAP (Fig. 4) and earlier studies showing that E2 partially inhibits telomerase activity in both 16E6 and 16E7 cells (13) raises at least two intriguing points. First, partial repression of hTERT may not be sufficient to render cells resistant to HDAP. Alternatively, additional, yet undefined, factors may also play a role in the HDAP sensitization process. (Fig. 7) and chromatin condensation (Fig. 6 ) in the parental and the three Sen2-derived cell lines tested. However, dramatic PARP cleavage was evident only in the STS-treated p53CTF cells (Fig. 7C, lane 4) . E2 did not repress STS-induced chromatin condensation in Sen2 and hTERT cell lines (Fig. 6) . In contrast, E2 reduced the levels of STS-induced chromatin condensation in the p53CTF cells from 36% to 6% (Fig. 6 ) and PARP cleavage from 39% to less than 2% (Fig. 7C, lanes 4 and 8) . A partial repression of chromatin condensation was apparent in the 16E6 cells (Fig.  6) . One implication for this result is that E2 may suppress STS-induced apoptosis only under conditions where p53 is inactivated. Importantly, this result demonstrates that the susceptibility to STS-induced apoptosis is regulated by a mechanism distinct from that regulating susceptibility to HDAP.
DISCUSSION
HDAP has been associated with viral pathogenesis in humans, as well as in animal model systems. Certain tumor cells are exquisitely sensitive to HDAP. Although there may have been many reasons for this susceptibility, we directly tested the hypothesis that cellular targets of viral oncogenes contribute to HDAP. The goal of this study was to utilize a well-defined cell system to investigate the molecular determinants of apoptotic cell killing by HSV.
We found that inactivating p53 through either constitutive expression of HPV16 E6 or the overexpression of a dominantnegative mutant p53 protein, p53CTF, sensitizes otherwise re- . Cells infected with virus expressing E2 (ϩE2) and virus that did not express E2 (ϪE2) are shown. At 24 hpi with HSV, the cells were harvested, and infected-cell extracts were immunoblotted for PARP, ICP4, ICP27, gC, and TK, and p53. STS was used as a proapoptotic control. The positions of uncleaved 116,000-molecularweight (116) and cleaved 85,000-molecular-weight (85) PARP products are indicated to the right of the immunoblots. The percentage of PARP cleavage (% Cl) was calculated using NIH Image analysis as described in Materials and Methods.
sistant HeLa cells to HDAP. This result implies that p53 acts to inhibit apoptosis during HSV infection. Two previous studies have investigated the ability of HSV to modulate the p53 pathway. In the first study, the viral ICP0 protein was found to be capable of ubiquitinating and degrading p53 in vitro as well as in murine cells and the U2OS human carcinoma cells (9) . However, a subsequent report from the same group suggests that the destabilizing effects ICP0 has on p53 are outweighed by other factors during a complete viral infection (8) . In the latter study, p53 levels were found to be stabilized during wild-type HSV infection of primary human fibroblasts. We have recently observed a similar p53 stabilization in primary mammary epithelial cells infected with wild-type HSV (M. L. Nguyen and J. A. Blaho, unpublished results). In light of the role of p53 in HDAP in HeLa cells, it seems that p53 regulation may be a critical step in the resistance of primary human epithelial cells to apoptosis during infection.
Although p53 activation is generally perceived to contribute to apoptosis induction in many cells, there are now several examples showing that it can also act in an antiapoptotic manner (reviewed in reference 72). The antiapoptotic effects of p53 have been thought to be largely due to p53 inducing cell cycle arrest rather than directly inhibiting apoptosis. Consistent with a role for p53-mediated cell cycle inhibition in HDAP suppression, perturbations in the cell cycle have been reported during HSV infection. Specifically, HSV infection of asynchronous cell populations increases the percentage of cells in the G 0 /G 1 phase of the cell cycle and decreases the rate of cellular DNA synthesis (17, 62, 63) . Additionally, HSV infection has been reported to block the progression of synchronous HEL cell cycle progression (17) . Multiple groups have linked this cell cycle perturbation to the pocket protein family of transcription factors (17, 28, 48, 62, 63) ; however, a role for p53 in this process has not been ruled out. Another link between cell cycle control and apoptosis during HSV infection can be drawn from the viral factors involved. The viral ICP0 protein has been reported to be responsible for HSV cell cycle inhibitory activities (24, 30, 37, 63) . Interestingly, we have previously shown that the gene that encodes ICP0, ␣0, is responsible for triggering HDAP (55) . Further research to determine whether these two functions of ICP0 are linked is planned.
The second HDAP susceptibility factor identified in this study was hTERT. To our knowledge, this is the first example of hTERT being associated with an increased sensitivity to apoptosis. Many questions regarding the mechanism of hTERT's sensitization function remain. Perhaps the apoptotic sensitization by hTERT occurs indirectly due to the increased telomere length that accompanies high levels of telomerase activity. Alternatively, it is possible that the hTERT protein directly alters apoptotic pathways through some previously undescribed mechanism. The observed elevation of apoptotic markers in wild-type HSV-infected cells supports such a model. Studies in which hTERT is expressed acutely are needed to provide insight into these issues. Interestingly, p53 has been proposed as a negative regulator of hTERT gene expression (29, 70) . Therefore, it is possible that p53 inactivation may be sensitizing cells to this process by relieving transcriptional repression of hTERT. Since hTERT is activated in almost all tumor cells and such cells are highly susceptible to HDAP (47), our findings suggest a dominant role for hTERT in the process. This might explain our earlier observations that certain p53-positive tumor cells are also sensitive to HDAP (47) . Studies currently under way testing whether inactivation of p53 alone or activation of Tert alone would confer sensitivity of otherwise normal human epithelial cells to HDAP will address whether either or both are sufficient.
While either p53 inactivation or hTERT expression was sufficient to sensitize HeLa cells to HDAP, we realize that the HeLa cells are highly aneuploid (11, 39) and thus possess multiple genetic changes besides HPV genome integration. Therefore, it remains possible that p53 inactivation and hTERT expression may be insufficient to sensitize cells outside the context of HeLa cells. However, in our preliminary analyses we have found that mammary epithelial cells immortalized through the expression of hTERT are sensitive to HDAP, while primary mammary epithelial cultures are resistant, suggesting that hTERT expression alone may be sufficient for sensitizing cells (Nguyen and Blaho, unpublished) . Further investigations that directly place our retroviral constructs (Fig.  1D ) into nontumor cells are currently under way to clarify this issue.
Together, the data presented here and in our previous publications demonstrate that there are three distinct responses to HDAP. With few exceptions, fully transformed tumor cells are exquisitely sensitive to this death stimulus (3, 34, 47) . In contrast, cells derived from normal tissue are resistant to HDAP, and immortalized but nontransformed cell lines display an intermediate susceptibility (3, 46, 47) . Our ability to restore resistance to HDAP by HPV oncogene repression indicates that the tumorigenesis-related changes that confer susceptibility to HDAP are reversible and provides a system to identify these changes. Here, we provide evidence that two cellular pathways commonly altered during tumorigenesis mediate susceptibility to HDAP. Given the importance of apoptosis on the HSV life cycle, this implies that p53 and telomerase pathways are likely to impact HSV replication and pathogenesis. Because a wide array of viruses modulate apoptosis as part of their natural life cycle, it is likely that such p53 and telomerase regulation are also important for efficient replication of viruses other than HSV.
